The kinetic mechanism of guinea-pig lung carbonyl reductase was studied at pH 7 in the forward reaction with five carbonyl substrates and NAD(P)H and in the reverse reaction with propan-2-ol and NAD(P)+. In each case the enzyme mechanism was sequential, and product-inhibition studies were consistent with a di-iso ordered bi bi mechanism, in which NAD(P)H binds to the enzyme first and NAD(P)+ leaves last and the binding of cofactor induces isomerization. The kinetic and binding studies of the cofactors and several inhibitors such as pyrazole, benzoic acid, Cibacron Blue and benzamide indicate that the cofactor and Cibacron Blue bind to the free enzyme whereas the other inhibitors bind to the binary and/or ternary complexes.
INTRODUCTION
Lung of guinea pig [1] and mouse [2] has been shown to contain a tetrameric carbonyl reductase (EC 1.1.1.184) that is distinct from monomeric and dimeric enzymes from other animal and human tissues [3] [4] [5] [6] [7] [8] , especially in its very low substrate specificity for aromatic and aliphatic carbonyl compounds and dual cofactor specificity for NADPH and NADH. The low substrate specificity and specific occurrence in lung of the enzyme have suggested a role for the enzyme in pulmonary drug metabolism. Since, of the substrates reported with the enzyme [1, 2] , acetone is a natural substrate with relatively high affinity under conditions near to the pH optimum of 6.0, another role in acetone metabolism has also been proposed for the enzyme. However, a more detailed kinetic study of the enzyme under physiological pH conditions would be necessary to explore further the roles of the enzyme in detoxication and acetone metabolism.
There have been only two studies on the steady-state kinetic mechanism of carbonyl reductase, and those have yielded somewhat conflicting results, with an ordered mechanism for human brain monomeric enzyme [9] and with a di-iso ordered mechanism for dog liver dimeric enzyme [8] . Since the pulmonary enzyme differs from the hepatic enzymes not only in structural properties but also in cofactor specificity, the steady-state kinetic mechanism of the guinea-pig lung enzyme was studied in detail with acetone and several xenobiotic carbonyl compounds as substrate, and with NADPH and NADH as cofactor. In addition, the mechanism of inhibition by several lung carbonyl reductase inhibitors is reported. EXPERIMENTAL 
Materials
Nicotinamide nucleotides were obtained from Oriental Yeast Co. (Tokyo, Japan), acetaldehyde was from Merck, and acetol (1-hydroxyacetone) was from Aldrich Chemical Co. a.-Methyl-4-nitrobenzyl alcohol was synthesized from 4-nitroacetophenone as described previously [10] . Cibacron Blue 3GA was purified by paper chromatography as described previously [11] . 4-Nitroacetophenone was recrystallized from ethanol, and acetone and propan-2-ol were purified by redistillation. Other chemicals were used without further purification.
Enzyme purification
Carbonyl reductase was purified from guinea-pig lung as described previously [2] ; the homogeneous preparations showed specific activities of 10.0-10.5 units/ mg of protein when analysed for activity with 4-nitroacetophenone as a substrate and NADPH as a cofactor at pH 6.0 [1] and for protein with bovine serum albumin as the standard [12] .
Enzyme assay
Carbonyl reductase activity was determined spectrophotometrically by monitoring NAD(P)H oxidation at 340 nm, except that the oxidation rates of NAD(P)H were measured fluorimetrically at 455 nm (excitation at 340 nm) when low NADPH concentrations of less than 10 /LM were used. The reaction mixture in a volume of 2.5 ml contained 80 mM-potassium phosphate buffer, pH 7.0, NAD(P)H, the appropriate carbonyl substrate and enzyme. The reverse reaction rate was also determined fluorimetrically by recording NAD(P)H formation in 80 mM-potassium phosphate buffer, pH 7.0, containing NAD(P)+, the appropriate alcohol substrate and enzyme. The double-reciprocal plots of initial rate versus concentration of the varied substrate, acetone, at a fixed concentration of NADPH, yielded a series of intersecting lines (Fig. lb) . Similar patterns of initial velocity were observed when the varied substrate was NADPH (Fig. la) . Initial-velocity studies were also performed with alternative substrates such as pyridine-4-aldehyde, 4-nitroacetophenone, acetaldehyde and acetol or NADH, and reciprocal plots of 1/v against 1 /[substrate] or 1/[NAD(P)H] all gave families of straight lines that converge at a point to the left of the ordinate. The slopes and intercepts for each experiment were replotted against the reciprocal of the fixed substrate concentration and were linear in each case. These results are consistent with a reaction mechanism that proceeds in a sequential manner. cofactor, that of K: varied widely. The Michaelis constants for pyridine-4-aldehyde and 4-nitroacetophenone were lower than those for the substrate without an aromatic ring. The result is compatible with the previous report that carbonyl reductase shows higher affinity for aromatic carbonyl compounds than for aliphatic ones [1] , and suggests that hydrophobic interaction between substrate and enzyme is important in the formation of a ternary complex with the best configuration for catalysis. However, the maximum velocity for acetone was as high as those for the aromatic substrates, and the NADH/acetone combination gave the highest value of 14.7 units/mg, which is equivalent to a turnover number of 1260 min-' assuming an Mr value of 86000. Acetone has been suggested to be converted into glucose through a methylglyoxal pathway or a propane-1,2-diol pathway [14, 15] . The Michaelis con- stant of the present enzyme for acetone is much lower than the acetone concentration (0.4-9 mM) in plasma reported under starvation and conditions of ketoacidosis [16, 17] , and is also lower than the apparent Km value of acetone mono-oxygenase [18] that catalyses the hydroxylation of acetone to acetol, the first step in acetone metabolism. Carbonyl reductase also reduced acetol, which suggests the enzyme as a candidate for the proposed extrahepatic enzyme that produces propane-1,2-diol as an intermediate in one pathway of acetone metabolism [14] , but the affinity and velocity for acetol of the enzyme were lower than those for acetone. Therefore carbonyl reductase may be responsible for an alternative metabolic pathway of acetone to form propan-2-ol, although it is unknown whether the product is excreted unchanged or further metabolized. When the reduced products from these carbonyl compounds were tested as substrate in the reverse 1988 reaction, carbonyl reductase oxidized propane-1,2-diol slightly (6 % of the acetone reductase activity) but not pyridine-4-methanol, a-methyl-4-nitrobenzyl alcohol or ethanol, suggesting that the equilibrium of these reactions is shifted towards the reductase direction. However, propan-2-ol was oxidized more actively by the enzyme, in contrast with our previous report that no oxidation of this compound was detectable with mouse lung carbonyl reductase [2] . We suspect that a small amount of impurity such as propan-1-ol, which was not oxidized by the lung enzyme, was included in the reagent used previously. Initial-velocity studies carried out in a similar manner with propan-2-ol and NADP+ or NAD+ (Fig. 2) indicate that a sequential mechanism is also operating in the _* reverse reaction. The constants for the substrates and 0.6 cofactors are listed in Table 1 . 
Product inhibitions
Product-inhibition studies of both the forward and the reverse reactions were carried out to determine the substrate binding order. A summary of the studies of product inhibition in the forward reaction is shown in Table 2, and Table 3 summarizes the results in the reverse reaction. From these data the kinetic mechanism for guinea-pig lung carbonyl reductase appears most likely to be an ordered bi bi mechanism in which NADPH binds first and NADP+ leaves last.
This mechanism is similar to those for carbonyl reductases from dog liver [8] and human brain [9] , of which the dog liver enzyme has been suggested to undergo cofactor-induced isomerization. The isomerization can be detected with the following relationships between the different constants:
The failure of either of these equations to hold provides evidence of isomerization of the binary complexes, although validity to the equations does not rule out the isomerization [19, 20] . Inserting the values for acetone, propan-2-ol and cofactors from Table 3 . Product-inhibition patterns and constants in the reverse reaction catalysed by guinea-pig lung carbonyl reductase
The constants were determined and are expressed as described in Table 2 . [21] or for a simple ordered bi bi mechanism of horse liver alcohol dehydrogenase with commercial NAD+ and NADH preparations [22] , in which inhibitors are produced during storage [23] . However, the productinhibition patterns with the present enzyme rule out random association of reactants in both directions, and are consistent with those of ox kidney aldehyde reductase [24] and dog liver carbonyl reductase [8] , for which an ordered bi bi mechanism with cofactor-induced isomerization has been suggested. of cofactor preparations, and suggest that the reaction catalysed by the enzyme follows a di-iso ordered bi bi mechanism, which is outlined in Scheme 1. This mechanism is in contrast with that of monomeric carbonyl reductase from human brain, for which a simple ordered bi bi mechanism has been proposed [9] . Whether the ordered mechanism with cofactor-induced isomerization is a characteristic solely of oligomeric mammalian carbonyl reductases remains to be determined.
Carbonyl reductase inhibitors
Of the inhibitors for lung carbonyl reductase reported previously [1] , pyrazole, benzoic acid and 2-mercaptoethanol inhibited non-competitively with respect to acetone and uncompetitively with respect to NAD(P)H ( Table 4 ), suggesting that these inhibitors bind to the enzyme after cofactor in the reaction mechanism. The inhibition by Cibacron Blue, which is known to bind to many enzymes as a nucleotide analogue [26] , was noncompetitive with respect to acetone and competitive with respect to NAD(P)H. In addition, benzamide was found to inhibit competitively with respect to acetone and uncompetitively with respect to NAD(P)H. The The inhibition constants were determined as described in Table 2 . 
Binding of cofactors and inhibitors
To confirm that the cofactor binds to the free enzyme, the effects of NADPH on the intrinsic fluorescence of the enzyme and that of carbonyl reductase on the fluorescence of NADPH were examined. The fluorescence of the enzyme at 340 nm was quenched by the addition of Vol. 252 the cofactor, and that of NADPH was shifted from 460 nm to 445 nm with enhancement of the fluorescence intensity when the enzyme was added to NADPH (Fig.  3) . This supports the ordered reaction mechanism in which cofactor binds to the free enzyme. Since Cibacron Blue and benzamide were competitive inhibitors with respect to cofactor and carbonyl substrate respectively, it was. expected that, if these substances bound to the enzyme, such binding might be also observed by fluorimetry. The effect of Cibacron Blue on the fluorescence of the reductase is similar to that of NADPH. Although benzamide did not directly affect the fluorescences of NADPH and enzyme (results not shown), the addition of the compound in the enzyme-NADPH complex resulted in quenching of the fluorescence of NADPH. The data indicate that Cibacron Blue binds to the free enzyme and benzamide to the binary complex. From the kinetic and fluorescence studies, possible deadend complexes with these inhibitors are also illustrated in Scheme 1.
Equilibrium constants
The constants of the NADPH-and NADH-dependent reactions were determined to be 16.2 and 11.9 Spectrum A, the enzyme (1.1 SM) plus 2.0 ,aM-NADPH; spectrum B, NADPH; spectrum C, NADPH plus 0.1 mM-benzamide; spectrum D, the enzyme plus NADPH and benzamide; spectrum E, the enzyme plus benzamide; spectrum F, the enzyme.
respectively. For the ordered mechanism, the Haldane relationship between the different constants is given by:
Vf K NAD(P) +Kpropan-2-ol K= 14 K +Km (4) K VKNAD(P)HKacetone
Inserting the values in 
